This paper presents a feasibility investigation of integrating a hybrid photovoltaic thermal collector-solar air heater (PVT-SAH) and an air-based thermal energy storage (TES) system using phase change materials (PCMs) with rotary desiccant cooling systems for residential applications. The PVT-SAH is used to generate both electricity and thermal energy, while the TES unit is used to solve the mismatch between energy demand for desiccant wheel regeneration and thermal energy generation from the PVT-SAH. A near-optimal design of the proposed system is first identified using the response surface method. The feasibility is then examined using three performance indicators, including Solar Thermal Contribution (STC), Supply Air Temperature Unsatisfied (SATU) factor and Supply Air Humidity Ratio Unsatisfied (SAHRU) factor. The results showed that the STC increased from 82.6% to 100.0% when the regeneration temperature decreased from 70 °C to 60°C under the simulation days. For the regeneration temperature considered (i.e. 60 °C, 65 °C and 70 °C), the supply air temperature can always be satisfied while the SAHRU factor decreased from 24.2% to 6.0% when the regeneration temperature increased from 60 °C to 70 °C. The overall results illustrated that the PVT-SAH and PCM TES unit can be potentially used to regenerate desiccant wheels if the system is appropriately designed. Abstract: This paper presents a feasibility investigation of integrating a hybrid photovoltaic 8 thermal collector-solar air heater (PVT-SAH) and an air-based thermal energy storage (TES) 9 system using phase change materials (PCMs) with rotary desiccant cooling systems for 10 residential applications. The PVT-SAH is used to generate both electricity and thermal energy, 11 while the TES unit is used to solve the mismatch between energy demand for desiccant wheel 12 regeneration and thermal energy generation from the PVT-SAH. A near-optimal design of the 13 proposed system is first identified using the response surface method. The feasibility is then 14 examined using three performance indicators, including Solar Thermal Contribution ( illustrated that the PVT-SAH and PCM TES unit can be potentially used to regenerate 22 2 desiccant wheels if the system is appropriately designed. 1
system using phase change materials (PCMs) with rotary desiccant cooling systems for 10 residential applications. The PVT-SAH is used to generate both electricity and thermal energy, 11 while the TES unit is used to solve the mismatch between energy demand for desiccant wheel 12 regeneration and thermal energy generation from the PVT-SAH. A near-optimal design of the 13 proposed system is first identified using the response surface method. The feasibility is then 14 examined using three performance indicators, including Solar Thermal Contribution (STC), 15 Supply Air Temperature Unsatisfied (SATU) factor and Supply Air Humidity Ratio 16 Unsatisfied (SAHRU) factor. The results showed that the STC increased from 82.6% to 100. illustrated that the PVT-SAH and PCM TES unit can be potentially used to regenerate 22 desiccant wheels if the system is appropriately designed. system decreased with increasing regeneration temperature. For a rotary desiccant cooling 8 system, the maximum dehumidification coefficient of performance (DCOP), which is the ratio 9 of the latent heat contained in the adsorbed moisture to the thermal energy required to produce 10 the high-temperature regeneration air, can be obtained at a certain regeneration temperature 11 (Ge et al., 2010) . If the regeneration temperature is beyond this value, the energy cost required 12 to produce a higher temperature of the regeneration air will be higher than the benefit resulted 13 from the increased moisture removal. For desiccant wheels using composite desiccants, the 14 maximum DCOP can be generally obtained when the regeneration temperature was around 85 15 o C (Ge et al., 2010). Therefore, there is an optimal regeneration temperature which can 16 maximize the overall performance of a rotary desiccant cooling system. 17 A schematic of a rotary desiccant cooling system with a hybrid PVT-SAH and a PCM 3 TES unit is illustrated in Fig. 1 . In this system, the hybrid PVT-SAH, in which the PVT 4 collector and the SAH are connected in series, was used for both electricity and low-grade 5 thermal energy generation. The thermal energy collected from the PVT-SAH can be used to 6 drive the desiccant wheel regeneration in cooling conditions or for space heating in heating 7
conditions. The electricity generated by the PV plate can be used to power the electric heater 8 and fans used in the system and the excessive electricity can be stored in a battery or exported 9
to the grid. The use of such a hybrid system is to achieve a relatively high air temperature 10 while still maintaining necessary electricity generation and reducing the system operation cost 11 (Beccali, et al., 2009 ). An air-based PCM TES unit (see Fig. 2 ) with a similar configuration as 12 that reported by Charvát et al. (2014) was used to regulate the discrepancy between the 13 thermal energy generated from the PVT-SAH and the thermal energy demand for the 14 desiccant wheel regeneration. The PCM TES unit consisted of a number of PCM layers 15 arranged in parallel and each PCM layer consisted of multiple PCM panels. A desiccant wheel, 16 a heat recovery unit and an indirect evaporative cooler (IEC) were used to condition the 17 process air. 18
This proposed system can be used for both daytime and nighttime cooling dependent on 19 the building cooling demand. It can also be used for winter space heating. Table 2 describes  20 the main potential operation modes. 21
In the process air side, the return air from the indoor space is first mixed with the fresh air 22 and then used as the process air in order to improve the system efficiency. The process air is 1 first dehumidified by the desiccant wheel and then cooled by a heat recovery unit and an IEC. 2
Under the operation mode IV, the regeneration air is first processed by the heat recovery unit 3 and then by the PCM TES unit while under the operation modes I and II, the outlet air from 4 the heat recovery unit is discharged to ambient directly. It is worthwhile to note that a bypass 5 was designed for the PCM TES unit in order to avoid the overheating of the regeneration air. 6
Research method 7
The overall procedure used for the feasibility study of the proposed system is illustrated 8 in Fig. 3 , which consisted of three steps including setup of the test, performance evaluation 9 and optimization, and the feasibility analysis. In the first step, a virtual simulation system of 10 the proposed system was developed using TRNSYS (Klein, 2010 ), which will be introduced 11 in Section 4, and the key performance indicators to be used for performance evaluation were 12 determined. In the second step, the key factors governing the performance of the PVT-SAH 13 and PCM TES unit were first determined based on the results from the previous studies 14 The simulation cases were then designed and executed using the response surface method. 16 Based on the simulation data, the response surface models were developed and the optimal 17 combination of the factors was determined. In the third step, a confirmation test with the 18 optimal combination of the factors identified was carried out and the feasibility of the 19 proposed system for desiccant wheel regeneration was analysed. 20
Selection of performance indicators1
Unsatisfied (SAHRU) factor, were used to evaluate the performance of the proposed system 2 under dynamic working conditions. STC is defined as the ratio of the total amount of thermal 3 energy that can be provided by the hybrid PVT-SAH and PCM TES unit for desiccant wheel 4 regeneration to the total thermal energy needed for desiccant wheel regeneration under a 5 required regeneration temperature and a time period of concern, as expressed in Eq. (1) 6 (Enteria et al., 2011). The thermal energy supplied by the PVT-SAH and PCM TES unit is 7 determined by Eq. (2), in which the air temperature before the electric heater (T b,eh,a ) can be 8 the temperature of the outlet air from the PVT-SAH or from the PCM TES unit dependent on 9 which operation mode was used for desiccant wheel regeneration. The power consumption of 10 the auxiliary electric heater is determined by Eq. (3) if the outlet air temperature from the 11 PVT-SAH or PCM TES unit was less than the required regeneration temperature. The 12 regeneration air flow rate (̇, ) was calculated using Eq. (4) based on the configuration of 13 the desiccant wheel. 14
where E is the thermal energy, ̇ is the mass flow rate, T is the temperature, C p is the 19 specific heat, t is the time, θ is the ratio of the mass flow rate of the regeneration air to that of 20 the process air, t 1 and t 2 are the start time and end time respectively, and the subscripts a, b, in, 21
pro, reg, sc, and eh indicate air, before, inlet, process, regeneration, solar contribution andelectric heater, respectively. It is noted that T a,in in Eq. (2) represents the temperature of the 1 ambient air to the hybrid PVT-SAH system when the desiccant wheel is directly regenerated 2 by the air supplied by the PVT-SAH (operation modes I and II). Otherwise, it represents the 3 inlet air temperature of the PCM TES unit if the system is operated under the operation mode 4 IV. 5 SATU factor and SAHRU factor were used to evaluate the performance of the rotary 6 desiccant cooling system under different regeneration temperatures. SATU factor was defined 7 as the ratio of the accumulated time that the supply air temperature is above the required 8 set-point to the total time of the desiccant cooling system in operation. Similarly, SAHRU 9 factor was defined as the ratio of the accumulated time that the supply air humidity ratio is 10 above the required set-point to the total time of the desiccant cooling system in operation. 11
Performance investigation and optimization using response surface method 12
In this study, a range of simulation exercises was designed and executed using the 13 response surface method (RSM) to determine the near-optimal values of the main parameters 14 of the hybrid PVT-SAH and PCM TES unit. The RSM is a set of mathematical and statistical 15 techniques to optimize a response of interest which is influenced by a number of variables 16 (Montgomery, 2008). As the primary focus of this study was to examine the feasibility of 17 using the hybrid PVT-SAH and PCM TES unit to regenerate desiccant wheels, the STC was 18 therefore selected as the response of the hybrid PVT-SAH and PCM TES unit. The SATU 19 factor and SAHRU factor were only used to evaluate the performance of the rotary desiccant 20 cooling system and were not considered in the RSM. 
where y is the predicted response, x i and x j are the independent variables, and b 0 , b i , b ii , and b ij 7 are the coefficients. 8
Analysis of variance (ANOVA) was used to evaluate the fitness of the model. The 9 response surfaces were generated to visualize the individual and interactive effects of the 10 main parameters on the response. The optimal combination of the main parameters to 11 maximize the response (i.e. STC) was then determined. The RSM process was implemented 12 using the trial version of Design Expert (Design Expert, 2010). 13
The PCM type, the length of the PCM TES unit, the size of the air gap between the glass 14 cover and the PV plate/absorber plate in the PVT-SAH, and the air flow rate of the PVT-SAH, 15
were considered as the major parameters in this study based on the following considerations. 16 The PCM melting temperature and thermophysical properties will directly influence the 17 amount of thermal energy that can be charged into the TES unit. The length of the PCM TES 18 unit was used to control the total amount of the PCM used and therefore the storage capacity 19 of the TES unit. The air flow rate of PVT-SAH influences its heat transfer performance and 20 outlet air temperature. The air gap between the PV plate/absorber plate and the glass cover 21 influences the heat loss from the PVT-SAH to the ambient environment. It is noteworthy that 22 the air flow rate of the TES unit during the charging process was the same as that of the 1 PVT-SAH while that during the discharging process was determined based on the building 2 cooling demand. 3
System modelling 4

Hybrid PVT-SAH 5
The hybrid PVT-SAH system considered in this study is shown in Fig. 4 , which consisted 6 of a glass cover, a PV plate, an absorber plate, a bottom plate, and a number of fins. The fins 7
were deployed between the bottom plate and absorber plate along the air flow direction to 8 enhance the heat transfer performance. A dynamic model developed in a previous study (Fan 9 et al., 2017) was used to simulate the performance of the hybrid PVT-SAH system. In this 10 model, the PVT-SAH was first discretized into multiple control volumes along the air flow 11 direction, and the PVT collector was further divided into 6 nodes perpendicular to the flow 12 direction, including the glass cover, PV plate, absorber plate, fins, fluid air, and the bottom 13 plate, while the SAH was divided into 5 nodes perpendicular to the flow direction by 14 excluding the node for the PV plate. The key governing equation of the glass cover node in 15 the PVT section is described in Eq. (6) . The governing equations of the PV plate, the solar 16 absorber plate, the fins, and the bottom plate can be described using the same way. The 17 governing equation for the air flowing through the air channel is given by Eq. (7). 18
20
where A is the area, M is the mass per unit area, α is the absorptivity, I t is the global solar 1 irradiation, h nc is the natural convection coefficient, h r is the radiation heat transfer coefficient, 2 h w is the wind convection coefficient, ρ is the density, W d is the PVT-SAH width, Δx is the 3 length of the control volume, H fin is the fin height, h c is the forced convection coefficient, A fin 4 is the surface area of fins for a control volume in contact with flowing air, and the subscripts 5 amb, g, pv, ap, and bp indicate ambient, glass cover, PV plate, absorber plate and bottom plate, 6
respectively. 7
Similarly, the governing equations for each node of the SAH can be developed. By 8 employing the Crank-Nicolson scheme, the above equations were discretized and solved. 9
More details of this model can be found in Fan et al. (2017) . 10
PCM TES unit 11
A mathematical model for the PCM TES unit, which considered the hysteresis 12 phenomenon but did not consider the supercooling during the phase change process, was 13 developed using the enthalpy method based on the three main assumptions: a) the conduction 14 heat transfer within the PCM panel is one-dimensional and perpendicular to the air flow 15 direction; b) there is no natural convection in the air within the TES unit and; c) the 16 convective heat transfer within the liquid PCM is negligible. 17
The schematic of the nodes in modelling the PCM TES unit is illustrated in Fig. 5 . The 18 PCM TES unit was divided into multiple sections containing both air nodes and PCM panels 19 along the air flow direction. The governing equations for the energy balance of PCM panels 20 and air flow are expressed in Eqs. (8) and (9), respectively. 21
The Gnielinski equation was used to calculate the Nusselt number of the turbulent flow 22 
where h is the enthalpy, k is the thermal conductivity, v is the velocity, q is the heat flux 8 density, and δ is the thickness. 9
Rotary desiccant cooling system 10
The model of the rotary desiccant cooling system consisted of a heat recovery unit, an 11 IEC, and a desiccant wheel. The heat recovery unit was modelled using TRNSYS component 12
Type 760, in which a constant heat transfer effectiveness was assumed. The IEC was 13 modelled using Type 757 with a constant effectiveness and without considering the water 14 consumption. In this model, the outlet air condition from the IEC was determined based on 15 the assumption that the secondary air stream process is a constant wet-bulb temperature 16 process. The gas side and solid side resistance model for the desiccant wheel developed by Ge 17 et al. (2010) was used in this study. The regular density silica gel was used as the desiccant 18 material and the equilibrium relative humidity (RH) on its surface was described by Eq. 
Setup of the simulation tests 15
In this study, the proposed system was assumed to be used to condition a Solar Decathlon assumed to be occupied with two residents and the schedule of the occupant activities is 20 described in Table 3 . It was assumed that the hybrid PVT-SAH was installed on the north roof 21 of the house with a total area of 24 m 2 and a roof slope of 18.4°. It is worthwhile to note that a 22 larger area of PVT-SAH could bring more benefits. The performance of the proposed system 1 was evaluated under the operation modes III and IV as described in Table 2 . It is worthwhile 2 to note that the system should be re-designed if it is primarily operated under the other 3 operation modes or there is a cooling demand during both daytime and nighttime. 4
Five consecutive summer days under Brisbane (Australia) weather conditions with 5 relatively higher temperatures and humidity ratios were selected to investigate the feasibility 6 of using the hybrid PVT-SAH and PCM TES unit for desiccant wheel regeneration as 7
Brisbane has reasonably abundant solar radiation and the humidity ratio is relatively high. The 8 weather data used in the simulation were the International Weather for Energy Calculations 9 (IWEC) data. Fig. 7 shows the ambient air temperature, humidity ratio, and total horizontal 10 solar radiation over the selected summer days in Brisbane. 11
The SD house model developed using DesignBuilder (DesignBuilder, 2017) in a previous 12 study (Fiorentini, 2016) was used to simulate the cooling demand of the house during the 13 simulation days. The required supply air flow rate and the process air flow rate were then 14 determined based on the flow ratio between the primary and secondary air of the IEC. The 15 regeneration air flow rate was determined using Eq. (4). The regeneration air was assumed to 16 be heated from the ambient air temperature to a required regeneration temperature using the 17 heat recovery unit, the PCM TES unit and the axillary electric heater during the nighttime. for each scenario using the RSM. The levels of the four main parameters used in each 22 scenario are specified in Table 4 . The PCM type was considered as a categorical variable 1 while the length of the PCM TES unit, the air gap of the PVT-SAH and the air flow rate were 2 regarded as continuous variables. In principle, the levels of the PCM types should be different 3 for different regeneration temperatures. However, the same PCM types were used for 4
Scenarios A and C in this study mainly based on the consideration of the outlet air 5 temperature of the PVT-SAH. The levels of the other parameters were considered as the same 6 for the three different scenarios. The thermophysical properties of the PCMs used are 7 summarized in Table 5 and an example of the enthalpy-temperature relationship of the 8 RT70HC is presented in Fig. 8 . During the simulation, the initial temperature of the PCM in 9 the TES unit was set as 50 o C to ensure that there was no latent thermal energy stored in the 10 PCM. The range of the size of the air gap between the glass cover and the PV plate/absorber 11 plate was determined based on the results of a previous study (Duffie et al., 2013) . The range 12 of the air flow rate was selected in order to obtain a reasonably high outlet air temperature 13 from the PVT-SAH system. The length of the PCM TES unit was roughly determined based 14 on the house cooling demand and the average thermal COP (i.e. 0.518) of a rotary desiccant 15 cooling system reported in a previous study (Mei et al., 2006) . 16 The details of the hybrid PVT-SAH and PCM TES unit and the rotary desiccant cooling 17 system used in this study are summarized in Table 6 . To avoid a large pressure drop in the 18 PCM TES unit and improve the convective heat transfer between the air flow and the PCM 19 panel, the size of the air channels in the PCM TES unit was set as 10 mm based on the value 20 recommended in a previous study (Dolado et al., 2011) . The width of the TES unit was set as 21 the same as the width of the PCM panel used (Rubitherm GmbH, 2016). The number of PCM 22 layers was calculated based on the height of the TES unit which was set as 0.6 m assuming 1 that the unit will be placed under the suspended floor of the house. The channel depth of the 2 PVT-SAH was set as 25 mm based on the result from a previous study (Fan et al., 2017). The 3 ratio of the length of the PVT to that of the PVT-SAH was determined as 0.6 to ensure an 4 acceptable amount of electricity generation and also to achieve a relatively high outlet air 5 temperature from the PVT-SAH for desiccant wheel regeneration. The ratio of the 6 regeneration side area to that of the process side and the ratio of the regeneration air flow rate 7 to that of the process air were set as 1:1. The resulted simulation design for the scenario A is 8 summarized in Table 7 and the simulation designs for Scenarios B and C were similar to that 9 of Scenario A and were therefore not provided. 10 11 where x 1 , x 2 , and x 3 stand for the length, air gap, and air flow rate, respectively. 22 highest STC under the flow rate of 500 kg h -1 was achieved when using RT65 among the 9 three PCMs tested. From Fig. 9d) , it can be seen that the STC increased with the decrease of 10 the flow rate under a given PCM TES unit length, which was resulted from the increase in the 11 outlet air temperature of the PVT-SAH. Therefore, a relatively small charging air flow rate 12 was suggested in this proposed system. 13
Results from the performance simulation 12
Based on the response surface model, the optimal combination of the parameters to 14 maximize the STC of the hybrid PVT-SAH and PCM TES unit with the regeneration 15 temperature of 65 o C was determined and the results are presented in Table 9 . The predicted 16 STC was 95.2% and the result from the confirmation test was 96.5% with a relative error of 17 1.3%. Similar procedures were also carried out for Scenarios B and C to generate the response 18 surface models and the similar trends of STC as those of Scenario A were also observed. The 19 optimal designs identified for Scenario B and C are also summarized in Table 9 while the  20 detailed results were not provided in order to save the page size. It is worthwhile to note that 21 due to the prediction error of the response surface model, the STC predicted under some 22 conditions were slightly higher than 100%. However, in principle, this is not possible. From 1 Table 9 , it is interesting to note that RT65 was selected as the optimal PCM for the three 2 different scenarios with different regeneration temperatures. This was mainly due to the 3 impact of the outlet air temperature from the PVT-SAH. It should be noted that the 4 near-optimal designs identified based on the five selected summer days might not be the 5 near-optimal solutions if the optimization was carried out based on the whole cooling season. 6
The simulation results based on the optimal values identified (i.e. Table 9 STCs were 100%, 96.5%, and 82.6%, respectively. From Fig. 11 , it can also be seen that a 2 lower supply air temperature and a lower humidity ratio than the required conditions were 3 provided during the majority of the test period. This indicated that the use of optimal control 4 by appropriately varying the variables such as the regeneration temperature and supply air 5 flow rate may further increase the STC and reduce the SAHRU factor. The STC could also be 6 increased by increasing the length of the PVT-SAH to increase its outlet air temperature. 7
However, the decision should be made based on the detailed cost-benefit analysis. 8
Based on the above results, it can be concluded that the use of the proposed hybrid 9
PVT-SAH and PCM TES unit to drive the desiccant wheel regeneration is technically feasible 10 under Brisbane weather conditions if the system is appropriately designed and the 11 regeneration temperature is properly selected. 12
Conclusions 13
This paper investigated the feasibility of using the hybrid PVT-SAH and PCM TES unit 14 to drive the regeneration of the rotary desiccant cooling system for residential applications. A fraction of the heated air from the PVT-SAH is used for the desiccant wheel regeneration and the rest is used for the TES charging.
Mode III TES charging The heated air from the PVT-SAH is used to charge the PCM TES unit if there is no demand during the daytime.
Mode IV Regeneration with the TES discharging
The PCM TES unit is discharged for desiccant wheel regeneration if there is a cooling demand during nighttime.
Mode V Space heating
The heated air from the PVT-SAH is directly used for space heating or is directed into the TES unit (Note: may need to use another PCM with different melting temperature) and then used later for space heating. 
